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Comparison between the electrical potential profile and the chlo-
ride gradients in the thin limbs of Henle's loop in rats. In vivo
micropuncture studies were performed in the papillary structures
of Munich-Wistar rats in order to determine the chloride concen-
tration gradients existing between the thin limbs of Henle's loop
and the adjacent vasa recta, and to correlate these findings with
the electrical potential profile in the same nephron segments un-
der the same experimental conditions. The chloride concentra-
tion measurements revealed favorable gradients for outward dif-
fusion of chloride in all segments, the magnitude of the uncor-
rected gradients being as follows: between the descending limb
of Henle and vasa recta, 50.2 mEq/liter (P < 0.001); between the
thin ascending limb of Henle and vasa recta, 51.5 mEq/liter(P <
0.001). When an attempt was made to obtain a more accurate
estimate of interstitial chloride concentration by arbitrarily cor-
recting the vasa recta values by a factor of 7% to allow for
plasma solids and Donnan factor, significant gradients were still
apparent: between the descending limb of Henle and vasa recta,
35.7 mEq/liter (P < 0.001); between the thin ascending limb of
Henle and vasa recta, 37.0 mEq/liter (P < 0.001). Measurements
of potential difference in the thin limbs demonstrated differences
between the descending and thin ascending limbs of Henle, and
also between the proximal and prebend segments of the descend-
ing limb, There was no significant potential difference in the
proximal segment of the descending limb despite a significant
chloride gradient, demonstrating the absence of selective ion
permeability in this segment. On the other hand, the prebend
segment of the descending limb and the thin ascending limb pos-
sessed significant lumen positive potentials, the magnitude of
which was +1.90 0.31 mV in the prebend descending limb and
+1.94 0.15 mY in the ascending limb. To further evaluate the
ionic permeability of the thin ascending limb, the chloride gradi-
ent was reversed by perfusing 37 tubules with low sodium chlo-
ride electrode solution. This resulted in reversal of the polarity of
the transepithelial potential; + 1.99 0.19 mV to —1.99 0.31
mV, a finding that is compatible with the suggestion that prefer-
ential chloride reabsorption is responsible for the positive poten-
tial under basal conditions. These results are compatible with
countercurrent multiplication models that incorporate passive
diffusion of chloride out of the thin ascending limb of Henle as
the major mechanism of solute reabsorption in this segment.
Comparaison du profil du potentiel électrique et des gradients de
chlore dans les branches gréles des anses de Henle chez le rat. Des
microponctions ont été réalisées in vivo dans les structures pap-
illaires de rats Munich-Wistar afin de determiner les gradients de
concentration de chlore qui existent entre les branches grêles de
l'anse de Henle et les vasa recta adjacents et de corréler ces
constatations avec le profil du potentiel electrique dans les
mémes segments tubulaires au cours des mêmes conditions ex-
pénmentales. Les mesures de concentration montrent des gradi-
ents favorables a Ia diffusion du chlore hors des segments étu-
dies. L'importance de ces gradients non corriges est Ia suivante:
branche descendante de Henle et vasa recta, 50,2 mEq/litre (P <
0,001); branche ascendante gréle de Henle et vasa recta, 51,5
mEq/litre (P < 0,001). Une tentative d'évaluation plus precise de
Ia concentration interstitielle de chlore a été faite en corrigeant
arbitrairement les valeurs des vasa recta par un facteur de 7%
pour prendre en compte les substances dissoutes du plasma et
l'effet Donnan. Malgré cette correction des gradients significatifs
sont encore apparents: branche descendante de Henle et vasa
recta, 37,5 mEq/litre (P < 0,001); branche gréle ascendante de
Henle et vasa recta, 37,0 mEq/litre (P < 0,001). La mesure des
differences de potentiel dans les branches grêles montre une dif-
férence entre les structures descendantes et ascendantes et aussi
entre Ia partie proximale et Ia panic située immédiatement avant
l'anse de Ia branche descendante. II n'y a pas de difference de
potentiel significative dans le segment proximal de Ia branche
descendante malgré un gradient de chlore significatif, ce qui dé-
montre l'absence de perméabilité selective de ce segment. A
l'opposé, le segment situé immédiatement avant l'anse et Ia
branche grêle ascendante ont des potentiels significativement
positifs pour Ia lumière dont l'ordre de grandeur est de + 1,90
0,31 mV avant l'anse et de 1,94 0,15 mV dans la branche as-
cendante. Afin de mieux évaluer Ia permdabilité ionique de Ia
branche gréle ascendante Ic gradient de chlore a étd inverse en
perfusant 37 tubules avec une solution pauvre en chiore. La pola-
rite du potentiel transépithélial a été de Ia sorte inversée de
+ 1,99 0,19 mY a —1,99 0,31 mV, ce qui est compatible avec
l'hypothèse que Ia reabsorption préférentielle de chiore est re-
sponsable du potentiel positif dans les conditions basales. Ces
resultats sont compatibles avec des modèles de multiplication
par contre-courant qui impliquent une diffusion passive de chlore
hors de la branche grêle ascendante de Henle comme mécanisme
majeur de Ia reabsorption de substances dissoutes dans cc seg-
ment.
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Despite numerous studies, there remains consid-
erable controversy regarding the mechanisms gov-
erning salt and water reabsorption in the thin limbs
of the loop of Henle. One reason for the lack of res-
olution of this issue is the vast array of different ex-
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perimental models that have been used to accumu-
late segments of the solution, and the subsequent
attempts to arrange the information obtained from
these heterogeneous sources into a composite pic-
ture of the situation in a single intact animal. The
overall aim of the experimental design of the pres-
ent study was to determine by in vivo micro-
puncture techniques the electrical potential profile
and chloride concentration gradients existing be-
tween the thin limbs of Henle and the surrounding
vasa recta. Utilizing such data, we are then able to
analyze more definitively the most likely mode of
salt and water transport in the loop structures in this
species of animal.
Methods
Preparation of renal papilla. Nineteen Munich-
Wistar rats weighing between 80 and 150 g were
used in these experiments. The animals were al-
lowed free access to food (formula chow) and water
until they were anesthetized i.p. with mactin (110
mg/kg). A tracheostomy was carried out, the left
jugular vein and femoral artery were cannulated
with PE-50 tubing, and the bladder was cannulated
via a suprapubic incision. The left kidney was ap-
proached through a lateral flank incision and was
dissected free. The left ureteral artery was ligated
and cut, and then the pelvis was excised while the
extrarenal portion of the papilla was pushed back
into the body of the kidney. Following excision of
the pelvis, the papilla reappeared immediately, the
extrarenal portion measuring between 1.5 and 3.0
mm in these rats. In the event of any ischemia of the
lower pole resulting from this dissection, two drops
of 2% lidocaine (Xylocaine®) were placed on the
branch of the renal artery feeding the lower pole.
This procedure almost invariably resulted in the
rapid restoration of the normal appearance of the
lower pole. When this was not achieved, the ani-
mals were discarded. If such application of lido-
caine was necessary, a period of at least 2 hr fol-
lowed before experimental measurements were
made.
Having exposed the papilla in this fashion, the an-
imal was turned approximately 30° towards a supine
position to place the paraspinal muscles in a lower
position—a maneuver that was necessary to enable
subsequent tangential approach of pipettes to the
papilla. The kidney was placed in a lucite cup that
was fixed to the heated micropuncture table. The
outer portion of the cup was then attached by lock-
ing pins. The renal vessels passed without resis-
tance through an aperture in the center of the corn-
pleted cup. A water seal was accomplished by coat-
ing the apposing surface of the two halves of the
kidney cup with silicone grease and by filling the
central opening with agar. Thus completed, this ar-
rangement allowed for a constant bath to be estab-
lished around the renal papilla. The composition of
this bath was maintained by constant infusion of
isotonic Ringer's bicarbonate. The renal papilla was
positioned such that the level of bathing solution
just covered its upper surface. Drainage of the bath
solution was directed away from the animal. Illumi-
nation of the papilla was achieved with a fiberoptic
light source.
The animals were infused with Ringer's bicarbo-
nate solution (sodium, 140 mEq/liter; chloride, 115
mEq/liter; bicarbonate, 30 mEq/liter; and potas-
sium, 5 mEq/liter) at a rate of 0.03 mllmin during the
experiment. Arterial blood pressure was monitored,
and only animals maintaining pressures over 90 mm
Hg were acceptable. The body temperature and the
bath temperature were maintained between 36.5
and 38° C.
Tubular fluid samples were obtained with sharp-
ened glass pipettes (O.D., 5 to 7 tim) containing
mineral oil stained with Sudan black. A number of
the collections were made in animals in which trans-
epithelial potential differences (PD) had already
been measured in the descending limb of Henle
(DLH) and thin ascending limb of Henle (tALH). In
other cases, animals were set up in identical fash-
ion, and collections were made following a period
similar to that which transpired before tubular fluid
collections were made in animals undergoing elec-
trophysiologic studies. In either case, the identity of
the punctured tubule was ascertained by injection
of a small column of mineral oil. This was then al-
lowed to flow away from the pi]pette tip, and aspira-
tion of tubular fluid into the pipette was begun. In
most cases, this was spontaneous, but occasionally
it was necessary to initiate aspiration with slight
negative pressure exerted by a hand-held syringe.
No attempt was made to prevent the oil drop from
flowing away, as it was felt that the negative pres-
sure required could alter the flow rate and composi-
tion of the tubular fluid upstream from the puncture
site. Following completion of the tubular fluid col-
lection, the pipette was withdrawn from the tubule,
and mineral oil was immediately drawn into the pi-
pette to maintain the sample between oil columns
prior to analysis. The site of tubular collections was
recorded in terms of distance from the papillary tip.
Vasa recta specimens were obtained immediately
following the corresponding tubular fluid sample.
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Fig. 1. Electrode arrangement. Abbreviations used are: P, potentiometer; V, voltmeter;
E, electrometer; H.P., hydrostatic pressure; RHCO3, Ringer's bicarbonate.
The collections were carried out with sharpened
glass pipettes (tip O.D., 8 to 10 m) that had been
rinsed with heparin prior to filling with stained min-
eral oil. The method of collection was identical to
that described for tubular fluid samples when as-
cending vasa recta samples were obtained, unless
blood flow appeared to be slowed by the presence
of the pipette. In this case, slight negative pressure
was applied to restore the blood flow rate to that
present before puncture—as judged by visual con-
trol only. When descending vasa recta were punc-
tured, no attempt was made to increase the speed of
blood flow; in fact, mild positive pressure was ex-
erted such that the blood flow was slowed to the
extent that the blood cells could just be distin-
guished. The theoretical basis for this maneuver has
been covered well previously [1, 2]. Upon com-
pletion of the vasa recta collections, the pipettes
were removed, and the samples were centrifuged to
obtain vasa recta plasma. This was achieved by im-
mediately sealing the collection pipette tips and
then centrifuging these pipettes attached within
centrifuge tubes.
The chloride concentration in the tubular fluid
and plasma were analyzed by the micro-
electrometric titration method of Ramsay, Brown,
and Croghan [3].
Electrode system. The electrode arrangement and
the resulting potential junctions are depicted in Fig.
1. Transepithelial potential differences were mea-
sured with sharpened glass microelectrodes having
tip O.D. of 3 to 5 . Isotonic Ringer's bicarbonate
solution containing 0.4% FD&C dye was used as
the electrode solution. The glass electrodes were
placed in lucite holders that were filled with 3 M po-
tassium chloride solution. Making electrical contact
with this solution was a silver/silver chloride elec-
trode. The holder was also connected to a fine pres-
sure device, such that slight changes in the elec-
trode fluid pressure could be effected, leading to
small amounts of aspiration or perfusion of the fluid
at the tip of the glass electrode. The silver/silver
chloride electrode was wired to a Keithley high-in-
put resistance electrometer which was connected to
a Rikadenki recorder. Also included in the circuit
on the reference side was a potentiometer and an
electrical bucking apparatus with which an arbitrary
baseline zero could be set. The reference side of the
circuit was completed by a calomel electrode mak-
ing contact with the rat's tail, both of these being
immersed in Ringer's bicarbonate solution, the
composition of which was the same as that of the
fluid bathing the papilla. The initial arbitrary zero
was taken with the microelectrode immersed in the
Potentials Present with Exploring Electrode in Bath
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bath and overlaying the papilla, the pressure being
adjusted such that a minute stream of the colored
electrode solution could be seen issuing from the
electrode tip.
Having recorded a stable baseline potential in this
manner, thin limbs were punctured without any ad-
justment in the electrode-fluid pressure being made.
Localization was excellent because the minute
stream of electrode fluid could be observed and the
direction of flow of the tubular fluid identified, thus
enabling the operator to determine whether the
punctured segment was an ascending or descending
limb. The potentials recorded under these condi-
tions were only accepted if a stable reading was ob-
tained. Subsequently, the flow of electrode fluid
was increased, such that clearly visible dis-
coloration of the tubular fluid occurred but no retro-
grade flow occurred. This second reading was also
recorded. Finally, the flow of electrode fluid was in-
creased further in the cases where the thin ascend-
ing limb was punctured, so as to produce retrograde
flow, such that the distance of the puncture site
from the hairpin bend could be measured. This ma-
neuver was, of course, unnecessary in descending
limb punctures because orthograde flow of fluid en-
abled the puncture site to bend distance to be mea-
sured in such cases. In addition, the distance be-
tween the puncture site and the papillary tip was
recorded, both of these measurements being made
with a calibrated micrometer eyepiece. The punc-
tures were made at x 200 magnification with a Zeiss
stereo microscope.
Prior to removal of the microelectrode, the pres-
sure in the system was adjusted such that a minimal
or moderate (without retrograde flow) perfusion
was present. Following removal of the electrode,
the postpuncture PD was recorded with the tip in
the bath solution. The steady-state free-flow poten-
tials were only accepted if the postpuncture poten-
tial was within 0.3 mV of the prepuncture baseline.
In the majority of punctures, the drift was 0.1
mV. In a number of cases, the microelectrodes
were withdrawn with increased electrode fluid per-
fusion present to insure that the changes observed
in the transepithelial PD's subsequent to increasing
electrode fluid perfusion rate were not in fact due to
changes in tip potential secondary to the increased
flow itself.
Ringer's bicarbonate solution was used and not
saturated potassium chloride fluid, as the electrode
solution offers some advantages. First, if we were
to allow flow of high-concentration potassium chlo-
ride solution into the tALH, then we would expect a
luminal PD which is spuriously positive due to the
high permeability of chloride across the tALH [4,
5]. Second, it is not possible to measure liquid junc-
tion potentials at all the sites where such a potential
might be generated. Even if the reference elec-
trodes were placed in an adjoining vas rectum, there
is not enough information necessary for calculation
of the liquid junction potentials that might be gener-
ated between the vas rectum plasma, interstitial
fluid, tubular fluid, and electrode fluid, i.e., the ion-
ic concentrations of these first three could not be
measured at the time the potential was recorded.
Faced with this situation, it was apparent that an
exact quantitation of the potential generated by ion
transfer across the tubular epithelium could not be
achieved. Hence, we decided to use Ringer's bi-
carbonate in a concentration simulating extra-
cellular fluid. This electrode fluid should generate
the liquid junction potentials depicted in Fig. 1. As
the highest concentration gradient for the ion with
the greatest mobility, chloride, exists between the
tubular fluid and the electrode fluid, we concluded
that the negative potential at this liquid junction
should represent the greatest liquid junction poten-
tial in the circuit. As a result, any error resulting
from unknown liquid junction potentials in the cir-
cuit will tend to deflect the PD in a negative direc-
tion. Thus, the PD measurement across the tALH
cannot give falsely positive PD's. The rat's tail,
however, is in Ringer's solution, so the liquid junc-
tion PD between the rat's tail and the hypertonic
papillary interstitium would be in opposite polarity
to that of the exploring pipette filled with Ringer's
solution. These two liquid junction PD's should ap-
proximate each other, and therefore, it is argued
that the net liquid junction PD's should be minimal.
Results
Chloride concentration profile. Table 1 demon-
strates that there was no statistically significant dif-
Table 1. Chloride concentration in ascending vasa recta (AVR)
vs. descending vasa recta (DVR)
AVR
inEqiliter
DVR
mEqiliter
Difference
(AVR — DVR)
247.8 233.8 + 14.0
163.6 167.6 — 4.0
168.7 165.3 + 3.4
170.9 165.8 + 5.1
157.3 144.6 + 12.7
181.6 14.9 175.4 13.5 +6.2 3.3
P>0.10
Values are expressed as mean SEM.
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Table 2. Chloride concentration gradients compared in segments of Henle's loop and juxtaposed vasa recta I)
Tubular fluid Vasa recta
Difference , (TF VR)
Corrected
Segments compared N mEq/iiter mEq/Iiter Uncorrected P for plasma 13O P
DLI-lvs. AVR 4 261.8 16.7 211.0 16.8 50.8 5.3 <0.005 35.0 6.2 <0.01
DLHvs.DVR 4 225.8 22.8 176.1 16.6 49.7 10.1 <0.02 36.5 9.4 <0.05
DLH vs. VR 8 243.8 15.5 193.6 13.3 50.2 5.3 <0.001 35.7 5.! <0.001
tALHvs. AVR 6 278.3 11.3 228.6 14.9 49.7 5.7 <0.001 32.5 6.7 <0.005
tALHvs,DVR 8 221.9 15.2 168.8 13.2 53.1 6.4 <0.001 40.4 6.3 <0.001
tALH vs. VR 14 246.0 12.4 194.5 12.7 51.5 4.3 <0.001 37.0 4.6 <0.001
a Abbreviations used are: N, number of observations; TF, tubular fluid; VR, vasa recta; DLH, descending limb of Henle; AVR,
ascending vasa recta; DVR, descending vasa recta; and tALH, thin ascending limb of Henle.
b Values are expressed as mean SEM.
ference between the chloride concentrations mea-
sured in samples of plasma obtained from juxta-
posed ascending vasa recta (AVR) and descending
vasa recta (DYR) when the rate of flow in the DYR
was slowed. The opportunity to obtain such sam-
ples is uncommon because bleeding from the first
puncture site usually obscures vision of the sur-
rounding area of the papilla. These few direct com-
parisons, however, lend support to previous sug-
gestions that deliberate slowing of the blood flow in
DVR obviates the problem of inadequate equilibra-
tion between plasma and interstitial fluid, thus en-
abling both AVR and DVR samples to be used as
estimates of interstitial fluid composition [1, 2].
100 200 300
Vssa recta plasma chloride concentration, mEq/Iiter
Fig. 2. Comparison between chloride concentration in loop of
Henle segments and adjacent vasa recta.
Table 2 depicts the chloride concentration gradi-
ents found across various segments of Henle's loop
and juxtaposed vasa recta segments. The data are
initially subdivided according to specific segment
comparisons, and subsequently the results obtained
using both AVR and DVR plasma samples are
pooled. The uncorrected data show significant
downward chloride concentration gradients across
all segments as opposed to vasa recta samples. The
mean value for this gradient was 50.2 mEq/liter be-
tween DLH and vasa recta KP < .001) and 51.5
mEq/liter between tALH and vasa recta (P <
0.001). When an arbitrary correction of 7% for
plasma solids was made in the vasa recta plasma
values, the differences were still significant: DLH
VR = 35.7 mEqfliter (P < .001); tALH — VR =
37.0 mEq/liter (P < 0.001).
Fig. 2 plots graphically the chloride concentra-
tions obtained from the paired tubular fluid and
plasma samples tabulated above. The values repre-
sented in this graph have not been corrected for
plasma water. It is evident from this figure that all
comparisons between loop of Henle punctures and
vasa recta punctures reveal a downhill chloride gra-
dient.
Electrical potential profile. Individual recordings
of potentials recorded along the length of the acces-
sible loop of Henle are depicted in Fig. 3. These
results represent free-flow measurements carried
out under basal conditions. It is apparent from this
figure that the potential difference recorded across
the various segments changes along the length of
the nephron, and this effect is shown more clearly in
Table 3. As can be seen in this table, the potential in
the final 300 /h of the DLH was qualitatively similar
to that in the tALH, being lumen positive in every
case By contrast, the earlier segment of the DLH
showed no significant PD.
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The effect of reversing the transepithelial chloride
gradient was then assessed by increasing the per-
fusion rate of the Ringer's bicarbonate electrode
fluid. When this was carried out in those segments
demonstrating a significant baseline potential (lu-
men positive), there was an immediate reversal of
polarity of the potential difference. In fact, the re-
sultant negative potential was quantitatively similar
to the positive potential observed prior to reversal
of the chloride gradient. The mean change in poten-
tial in 37 tubules as a consequence of this maneuver
was from + 1.99 0.19 mV under basal conditions
to —1.99 0.31 mV when the electrode fluid flow
was increased. Similar increases in electrode fluid
flow when the pipettes were situated in more proxi-
mal sites of the descending limb did not produce
this negative potential deflection.
Discussion
The present series of experiments allows the fol-
lowing conclusions to be drawn: 1) the chloride con-
centration of the tubular fluid in the thin limbs of
Henle's loop exceeds that of the plasma in adjacent
vasa recta; 2) this concentration difference is asso-
ciated with a lumen positive potential in the termi-
nal descending limb (length, 300 m approxi-
mately) and in the accessible length of the thin
ascending limb; 3) there is no significant poten-
tial in the major portion of the papillary DLH de-
spite the presence of a chloride concentration dif-
ference across its epithelium; and 4) the polarity of
the potential in the thin ascending limb is reversed
when a chloride concentration difference favoring
inward movement of this ionic species is imposed.
The results are thus compatible with the concept
that water abstraction in the portion of the descend-
ing limb proximal to the hairpin bend produces a
favorable gradient for facilitated diffusion of chlo-
ride ions, in accordance with the findings by Imai
and Kokko in the in vitro perfused thin ascending
limb of the rat, rabbit, and hamster [4—7].
Table 3. Potential difference (PD) across different segments of
the thin limbs of Henlea
Segment
Distance
from bend
pm
P.D.
mV
No. of
observations
per rat
Proximal DLH5, c >300 —0. 16 (±0.13) 9/7
Late DLHb <300 + 1.90 (±0.31) 14/9
tALH — + 1.94 (±0.15) 51/18
Proximal tALHde <300 +2.50 (±0.33) 18/8
Late tALHC d.e >300 + 1.40 (±0.21) 12/7
a Values are expressed as mean SEM. See Table 2 for abbre-
viations used.
b Proximal DLH vs. late DLH, P < 0.001.
Proximal DLH vs. late tALH, P < 0.001.
Cl Late DLH vs. proximal tALH, P:> 0.2.
Proximal tALH vs. late tALH, P1 0.01.
+6
+5
+4 -
+2
+1 -
I
I
a
S
• .
S •• •
S
• S
.
S
—S
S
$
• :
•5S
S
•S
S
$
.S
S
1000 800 600 400 200 BEND 200 400 600 800
DLH Distancefrombendjm
Fig. 3. Free-flow electrical PD along loops of Hen/c. Potential measurements are plotted
in terms of the distance between the puncture site and the hairpin bend.
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Chloride concentration profile. With regard to the
assessment of the chloride concentration dif-
ference, it is apparent that previous studies have
produced conflicting results, with different authors
suggesting all possible variations being present at
the bend of the loop of Henle [2, 8—111.
It is important to note that the chloride concen-
tration gradient between tubular fluid and the sur-
rounding interstitium can only be examined in-
directly at this time and that the final conclusions
involve the incorporation of a number of assump-
tions. Previous authors have postulated that the
AYR is likely to be more representative of the inter-
stitium because of its highly fenestrated epithelial
lining [11]. There is indirect evidence, however,
that deliberate slowing of the blood flow in the DVR
also enables equilibration to occur between this
vessel and the interstitium [2]. This has been exam-
ined directly in the present study with a limited
number of observations, and the results demon-
strate that with the aforementioned manipulation
there was no significant difference found between
the chloride concentrations in the two vessels.
Thus, it is concluded that both the AVR and DVR
may be used as approximations of interstitial solute
content.
Having measured the chloride concentration in
the VR, we found it difficult to decide how the re-
suits should be manipulated to improve this esti-
mate of interstitial concentration. Theoretically, the
protein concentration of the interstitial fluid and
vasa recta plasma should be measured and appro-
priate corrections for plasma water content and
Donnan equilibrium effects carried out. This was
considered in detail by Johnston et al [111 in a study
which demonstrated a downward gradient for so-
dium ions at the end of the DLH. Considerable dis-
pute exists, however, regarding the papillary inter-
stitium protein concentration [12—14], and, in addi-
tion, recent studies have suggested that the protein
concentration falls rapidly along the AVR as a re-
sult of water uptake [15]. Hence, it is apparent that
any corrections made in the results obtained from
analysis of YR plasma samples would at best repre-
sent a very rough approximation. With these facts
at hand, we elected to correct by a factor of 7% and
to determine the resultant concentration gradient.
Even with this correction, there remained a signifi-
cant gradient from the loop of Henle to the YR. We
believe that this may be a generous correction fac-
tor and may in fact lead to an underestimate of the
gradient. We conclude that a definite gradient for
chloride ions exists under the experimental protocol
of this study, but we contend that an exact quan-
titative analysis of the results would not be valid in
view of the fact that a number of assumptions had to
be made.
With regard to the absolute values of the chloride
concentrations in the segments studied, it should be
noted that they are much less than would be ex-
pected if samples were obtained immediately after
exposure of the papilla, or if measures were taken
to ensure that the fluid bathing the papilla was hy-
perosmotic. Hence, it is evident that in this experi-
mental model papillary washout resulted from the
use of an isosmotic solution as bathing fluid. This
phenomenon was originally demonstrated by
Schutz and Schnermann [16]. The isosmotic Ring-
er's solution was used to facilitate electrical poten-
tial recordings. As the aim of the study was to com-
pare potential recordings and chemical gradients in
the same tubule segments, it was imperative to es-
tablish the same experimental circumstances for the
two sets of observations. It should be noted that the
"washout phenomenon" previously described in
superfused papillae consisted of an initial abrupt fall
followed by a much slower fall which eventually en-
tered a plateau stage. The measurements of PD and
chloride concentration in the present study were
both made during this latter part of the washout.
The artificial lowering of the chloride concentra-
tion in the papillary structures should not, however,
invalidate the conclusions of the study. This is be-
cause the questions posed are primarily of a qualita-
tive nature and seek to find whether or not the elec-
trical potential and chloride concentration differ-
ences across the various tubular segments are
compatible with passive transport mechanisms.
Potential profile. Previous measurements of PD
in the thin limb of Henle's loop have been made ex-
clusively in golden hamsters. Early studies by
Marsh and Solomon [17] and Windhager [8] were
carried out with Ling-Gerard electrodes. These in-
vestigators reported the presence of a lumen nega-
tive potential difference in the tALH, the magnitude
of which was in the order of —10 mY in both stud-
ies. The DLH exhibited zero potential or a small
lumen negative potential in these studies. Sub-
sequently, however, Marsh and Martin have reex-
amined the PD in the tALH in the same animal
model and have reported a small positive potential
[181. This latter study was performed with larger
glass microelectrodes which enabled better local-
ization within the tubular lumen. Reexamination of
the DLH with such electrodes was not reported.
Other nephron segments have also undergone re-
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cent reevaluation of their potential profiles, with
similar differences being reported as regards results
obtained with the two different types of electrode
[19—23]. This has been particularly striking in the
proximal convoluted tubule [21, 22] and the early
distal tubule [23] where not only quantitative dif-
ferences were recorded but also reversal of polarity.
In the present study, it was elected to use glass
microelectrodes (O.D., 3 to 5 /Lm) filled with a Ring-
er's bicarbonate solution colored with 0.4% FD&C
dye. The choice of electrode fluid has been dis-
cussed in the Methods section. In summary, the
electrodes were filled with Ringer's bicarbonate,
and not with saturated potassium chloride solution,
for two reasons. First, if high concentrations of po-
tassium chloride are allowed to flow into the tALH,
then it is expected that a spuriously lumen positive
PD would be recorded in view of the high per-
meability of the tALH to chloride in contrast to po-
tassium [24]. Second, if saturated potassium chlo-
ride were used in the electrode pipette, this would
minimize the liquid junction PD at the interphase of
potassium chloride and the tubular fluid; it would,
however, introduce an unknown liquid junction PD
between luminal fluid and rat's tail (Fig. 1). If, on
the other hand, the exploring pipette were filled
with Ringer's solution, then it is argued that the
generated liquid junction PD (between Ringer's so-
lution and tALH fluid) should nearly cancel the liq-
uid junction PD between the papillary interstitium
and the rat's tail which is in Ringer's solution (see
full discussion in Methods section). Unfortunately
there is no reliable method by which to place an
electrode into the adjacent papillary interstitium,
and therefore an exact estimation of the liquid junc-
tion PD cannot be made due to the uncertainties of
various electrolyte activities. Thus, all measured
PD's in the papilla, of necessity, have an element of
uncertainty included, due to the unknown liquid
junction PD. We have argued that this source of un-
certainty has been minimized in our circuit (see
Methods section).
Using our techniques, the results of the potential
profile determined in the DLH were for the most
part compatible with previous reports in the ham-
ster DLH [8, 17]. A somewhat different situation
was found, however, in the prebend portion of the
DLH (approximately 300 m on average). In this
segment, the PD was strikingly similar to that de-
tected in the tALH (Table 3). This result is in keep-
ing with previous findings that have suggested that
the transition from descending limb to ascending
limb occurs a few hundred microns proximal to the
hairpin bend—at least in terms of the ultrastructural
appearance and functional characteristics of the
epithelium lining the tubule [25—28]. This aspect
should be considered when interpreting experi-
ments that analyze changes in tubular fluid compo-
sition in the last millimeter of the descending limb
[29]. All of the tALH displayed a luminal potential
which was slightly positive (Table 3). The positive
polarity of the tALH potential is in keeping with
those in vitro findings which have shown a higher
chloride than sodium permeability across the tALH
[4, 5, 7] and are similar to the recent in vivo PD
measurements across the hamster tALH [18].
In conclusion, it has been shown in vivo that the
electrical potential and chloride concentrations in
the tALH are compatible with the passive model of
countercurrent multiplication in the inner medulla.
The design of the experiment, however, was such
that an active transport mechanism contributing to
chloride transport could not be ruled out.
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